The transient process which starts at the instability threshold of a rotor rotating in a fluid environment, and ends up in the limit cycle of self-excited vibrations known as fluid whirl or fluid whip, is discussed in this paper. A one-lateral-mode, isotropic, nonlinear model of the rotor with fluid interaction allows for exact particular solutions and an estimation of the transient process. The fluid interacting with the rotor is contained in a small radial clearance area, such as in bearings, seals, or rotor-to-stator clearances, and its effects are represented by fluid film radial stiffness, damping, and fluid inertia rotating at a different angular velocities.
INTRODUCTION
The phenomena of fluid-induced instability of rotors called fluid whirl and fluid whip have been known since 1924, as reported by Newkirk. During the last decades, many physical descriptions and models of these phenomena have been investigated. Linear models of fluid forces acting at the rotor ("bearing and seal coefficients") are the most popular due to their ease of implementation into linear rotor model computerized analyses. It is known, however, that there exist substantial discrepancies between theoretical and experimental fluid force coefficients (e.g., Myllerup et al., 1992 ).
This poses a question of validity of the linearized modeling practices (Adams and Padovan, 1987) .
Linearized fluid force coefficients, most often offered in numerical/tabular formats, can provide This paper was originally presented at A. MUSZYNSKA a base for rotor instability prediction, but do not give any realistic description of the post-instability threshold behavior of the rotor. The coefficients can hardly be associated with any practical description of the rotor/fluid interaction physical phenomena. Consequently, nonlinear models of the fluid force started gaining more attention. There is no agreement among the researchers, however, on what analytical expression for the fluid force should be adequate in specific cases. In the meantime, practical observations of the fluid-induced vibrations of machinery rotors in the field have provided rich documentation. However, in spite of the frequent occurrences of these fluid-induced vibrations, there still exists a cloud of misunderstanding of the basic physical phenomena of solid/fluid interaction in rotors (Crandall, 1983; Muszynska and Bently, 1996) . This fact has considerably slowed down implementation of efficient fluid whirl/whip control mechanisms (Muszynska et al., 1988; Bently and Muszynska, 1989 ). This paper is a continuation of the author's publications on the fluid-induced instabilities of rotors (Muszynska, 1986; 1988a,b; 1995; Muszynska et al., 1988; Muszynska and Bently, 1996; Bently and Muszynska, 1985; 1989; Grantetal., 1993) . Through the last 15 years, extended modal testing of rotors rotating in a fluid environment (Muszynska, 1986;  1995) has provided a rich database for generalizations. It has resulted in the fluid force model which emphasizes the strength of the circumferential flow in rotor-to-stationary element radial clearances (such as in bearings, seals, blade tip/stator, impeller/diffuser) for lightly radially loaded rotors (Muszynska, 1988b; Muszynska and Bently, 1996) . This model is used in this paper for the rotor within its first lateral mode to analyze the transient process from instability threshold to limit cycle of selfexcited vibrations. It is also used to investigate changes in the instability thresholds for the rotor transient process during startup and shutdown. The transition to limit cycle and instability threshold differences or "hysteresis" (the name introduced by Adams and Guo, 1996) represent new contributions to the knowledge on rotor/bearing dynamics.
ROTOR/FLUID ENVIRONMENT MODEL
The mathematical model of a one-mode, isotropic rotor rotating and laterally vibrating within the fluid environment, contained in a relatively small clearance, is as follows (Muszynska, 1986) : (Muszynska, 1995; Grant et al., 1993 
At the instability threshold, the real part of one of the rotor system eigenvalues becomes zero, and the natural frequency COnst (the corresponding imaginary part of the eigenvalue) is equal to:
For the rotative speed f exceeding the instability threshold (2), the real part (Re) of the corresponding eigenvalue s becomes positive (the Long after early theoretical predictions of selfexcited vibration limit cycles by Poincar6 and Lyapunov (Minorsky, 1947) Muszynska (1986 Muszynska ( , 1988a , Muszynska and Bently (1996) , Malik and Hori (1986) , Cheng and Mu (1996) , Brown (1986) , Genta and Repaci (1987) , and Krynicki and Parszewski (1994) .
The limit cycle of the rotor self-excited vibrations can be obtained as a particular solution of Eq. (1):
where B, co are amplitude and frequency of the rotor self-excited vibration respectively. While Eq. (5) 
By splitting this equation into real and imaginary parts, two algebraic equations are generated which can be used to calculate the amplitude B and frequency co (Eqs. (2) (8) where the parameter 6 was introduced as: (9)) is a hyperbola. u(t) Cue -'** ', /(t)-C/e -'***', (20) where Cu, C; are constants of integration. The solution describing the rotor motion around the limit cycle of the self-excited vibrations (6) will, therefore, be as follows: z(t) (B + Cue-**')e j('+c;-'**'). (21) By comparing it with the solution (12), it can be seen that at the instability threshold the rotor amplitude exponent, which starts from the positive value + s*, ends up, during the transition time, as the negative value -s**, when it reaches the limit cycle. This transition to the limit cycle of the self-excited vibration is qualitatively illustrated in Fig. 3 . in an oil-lubricated bearing; the second bearing is relatively rigid bronze bushing) during its startup and shutdown. Details of the experimental rig can be found in references by Muszynska (1995) , Muszynska and Bently (1996) , and Grant et al. (1993) . Due to the action of the fluid force in the bearing, the instability thresholds occur at 6279 and 6240 rpm respectively. The rotor orbit in Fig. 6 illustrates the transition to the limit cycle whirl vibrations with frequency 0.48f. Figures 4 and 5 illustrate the well-known phenomenon of "hysteresis": differences in the instability thresholds for increasing and decreasing speed. This effect was discussed and the name, "hysteresis," was introduced in by Adams and Guo (1996) , but it seems that the sophisticated analysis used there is not necessary. The threshold differences increase with an increasing angular acceleration of the rotor, and can be explained using the fluid force model applied in this paper: the fluid circumferential average velocity ratio (especially that of the fluid damping force), which is driven by the rotor rotation, at startup is lagging (is smaller) (Fig. 7) . The data was then transformed into the dynamic stiffness format (Muszynska, 1995) (Fig. 8 ). Note in Fig. 8 that the direct stiffness does not have a constant value for CUp--const. This indicates that DDS depends on the fluid inertia which involves the rotative speed f. The differences, A, in the dynamic stiffness components for the startup minus shutdown are:
EXPERIMENTAL RESULTS
where indexes u and d denote startup and shutdown respectively. From Fig. 8 (Muszynska, 1995 (26) The right-side expressions of (25) and (26) (25) and (26) are the same. So far the evidence is still FIGURE 9 Area of possible ratios of the shutdown and startup fluid inertia ratio, Mrd/Mru, versus fluid inertia circumferential average velocity ratio at startup, Aru.
insufficient to conclude about the variability of the fluid inertia during the startup and shutdown of the rotor. The research on this subject continues.
SUMMARY AND CONCLUSIONS
As the first subject, the post-instability threshold behavior of rotors rotating in fluid environment enclosed in small radial clearances was discussed in this paper. The nonlinear fluid force model identified by Muszynska (1988b Muszynska ( , 1995 , Muszynska and Bently (1996) , and Grant et al. (1993) , using the modal perturbation testing during the past 15 years, was implemented into the first lateral mode of an isotropic rotor. The equations provide analytical values for the instability threshold, and the limit cycle self-excited vibration amplitude and frequency. The transient process starting at the instability threshold, and ending at the limit cycle, was evaluated analytically and illustrated experimentally. As the second subject, the differences in the instability thresholds for rotor startups and shutdowns, known as a "hysteresis" (Adams and Guo, 1996) , were presented and discussed (the "hysteresis" here does not have any correlation to energy loss). The sole differences in the rates of the fluid damping rotation rate (A) explain the basic portion of this hysteresis. These differences are very well intuitively understood, and can easily be quantified by the novel perturbation testing: the external perturbation rotating force with a constant amplitude and frequency is applied to the rotor during its startup and shutdown transition. The rotor response filtered to the perturbation frequency is then presented in the dynamic stiffness format, which makes parameter identification easy. The effect of the fluid inertia on the instability "hysteresis" was also evaluated, but quantitatively it remains inconclusive. The discussed two subjects represent new contributions. The applied fluid force model, based on the strength of circumferential flow, once again proved to be useful and adequate in describing the physical phenomena occurring in rotors in a fluid environment. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
